ABSTRACT The etiological agent of plague, Yersinia pestis, is most commonly transmitted by the bite of infectious ßeas. To date, at least 28 ßea species occurring in North America have been experimentally conÞrmed as vectors of Y. pestis. Transmission efÞciency differs among species and also between different studies of a single species. These differences may, however, in large part reßect nonstandardized experimental conditions used during the Þrst half of the 20th century when such studies were conducted in response to the rapid spread of Y. pestis across the western United States after its introduction at the beginning of this century. The majority of these early transmission studies focused on the blocked ßea mechanism of transmission, which typically does not occur until Ͼ2Ð3 wk after the ßea becomes infected. Recent studies have challenged the paradigm that Y. pestis is usually spread by blocked ßeas by demonstrating that numerous ßea species, including the oriental rat ßea Xenopsylla cheopis, which was the focus of the early classical studies on blocked ßea transmission, are capable of "early-phase" transmission during the Þrst few days after becoming infected and before a complete blockage can form. The aims of this review are to 1) summarize Y. pestis vector competency and efÞciency studies for ßeas occurring in North America, 2) discuss the implications of the results of these studies for our understanding of the dynamics of plague epizootics, 3) demonstrate why older transmission studies need to be repeated using a standardized experimental system, and 4) outline future directions for studies of ßeas as vectors of Y. pestis.
Introduction to Vector Competency and Efficiency of Fleas for the Plague Bacterium
In North America, plague, a primarily ßea-borne zoonotic bacterial disease caused by Yersinia pestis, is characterized by long periods of quiescence punctuated by rapidly spreading epizootics (Barnes 1982) . During such epizootics, entire populations of susceptible animals (especially colonial rodents including ground squirrels and prairie dogs) are often decimated (Craven and Barnes 1991 , Gage et al. 1995 , Gage and Kosoy 2005 . This also is when humans are at greatest risk of acquiring infection from infectious ßeas that are forced to abandon their normal hosts as they perish from plague infection, or by handling sick or dead animals (Barnes 1982, Gage and Kosoy 2005) . For this reason, understanding the dynamics of Y. pestis transmission that Þrst establish conditions for and thereafter sustain epizootics over time is critical for designing effective plague prevention and control strategies.
Shortly after the etiological agent of plague was described in 1894, the blocked ßea mechanism of Y. pestis transmission was demonstrated (Bacot and Martin 1914) and since that time ßea-borne transmission has been considered the most important factor in enzootic maintenance and epizootic spread (Eskey and Haas 1940 , Burroughs 1947 , Pollitzer 1954 , Barnes 1982 , Poland et al. 1994 , Gage and Kosoy 2005 . Numerous studies have quantiÞed aspects of vector competency or efÞciency that are germane to deÞning the relative signiÞcance as vectors of the large number of ßea species that have been found to carry Y. pestis infections (Table 1) .
Vector competency of a ßea species for Y. pestis implies that the ßea can 1) acquire Y. pestis while feeding on an infectious host, 2) maintain the Y. pestis infection until a subsequent bloodmeal is taken, and 3) transmit Y. pestis to a susceptible host during a subsequent bloodmeal. However, there is tremendous variability between ßea species in vector efficiency (also referred to as vector potential or transmission efÞciency) which measures the proportion of infected ßeas that transmit bacteria to susceptible hosts (Table  1) . Certain ßea species, e.g., the cat ßea, Ctenocephalides felis (Bouché ), only rarely transmit plague bacteria whereas others, e.g., the oriental rat ßea Xenopsylla cheopis (Rothschild), are relatively efÞcient vectors. Several factors may inßuence vector efÞciency of ßeas for Y. pestis; these include the following: 1) the length of the extrinsic incubation period (i.e., the period of time elapsed from a ßea becoming infected until it is capable of transmitting the pathogen); 2) the length of time a ßea remains infectious in the absence or presence of additional infectious or noninfectious blood meals; 3) the ßeaÕs daily biting rate, and 4) the likelihood that blocking will occur, which can inßu-ence the likelihood of a transmission event as well as the life span of the ßea. Another concept that has been used in the context of plague epizootics is vectorial capacity. This is a measure of the number of secondary infections arising from a focal infection based on daily biting rates of ßeas, pathogen acquisition rates, vector efÞciency, the extrinsic incubation period, daily survivorship of the vector and duration of an infectious bacteremia in the vertebrate host (Lorange et al. 2005; Eisen et al. 2006 Eisen et al. , 2007b Eisen et al. , 2008a Wilder et al. 2008a,b) .
The aims of this review are to 1) summarize Y. pestis vector competency and efÞciency studies for ßeas occurring in North America, 2) discuss the implications of these studies for our understanding of the dynamics of plague epizootics, 3) demonstrate why older transmission studies need to be repeated using a standardized experimental system, and 4) outline future directions for studies of ßeas as vectors of Y. pestis.
Flea Vectors of Y. pestis in North America. To date, at least 28 ßea species occurring in North America and representing 18 genera have been experimentally conÞrmed as vectors of Y. pestis (Table 1) . This is likely a gross underestimate of the true number of ßea vectors because only a fraction of the Ͼ230 North American ßeas that infest mammals in plague endemic areas of western North America (Hubbard 1947) have been evaluated for vector competency. Furthermore, the vector competency of seven ßea species that failed to transmit Y. pestis in older studies (Atyphloceras multidentatus Fox, Catallagia decipiens Rothschild, Euhoplopsyllus glacialis affinis Baker, Leptopsylla segnis Schonherr, Megabothris clantoni Hubbard, Meringis shannoni Jordan, Thrassis gladiolus Jordan, Thrassis petiolatus Baker [Eskey and Haas 1940 , Hubbard 1947 , Kartman and Prince 1956 ) need to be reevaluated as the data for these species were based on small sample sizes. The need for reexamination of ßea vector efÞ-ciency in a standardized experimental system is discussed in detail in a separate section below.
The Classical Blocked Flea Model of Y. pestis Transmission Cannot Explain the Explosive Dynamics of Plague Epizootics. Bacot and Martin described the blocked ßea paradigm of Y. pestis transmission in 1914 (Bacot and Martin 1914) . Under this scenario, X. cheopis acquires infection by feeding on blood from a highly bacteremic host. Typically, bacterial concentrations in excess of 10 6 colony-forming units (cfu) per ml are required to reliably infect feeding ßeas (Eskey and Haas 1940 , Douglas and Wheeler 1943 , Wheeler and Douglas 1945 , Burroughs 1947 , Pollitzer 1954 , Engelthaler et al. 2000 , Lorange et al. 2005 . Plague bacilli then multiply within the ßeaÕs proventriculus, which is a globular structure that lies between the ßeaÕs esophagus and midgut and is lined interiorly with a series of spines that prevent ingested blood from ßow-ing back toward the ßeaÕs mouth. As early as 5 d postinfection (p.i.), but more commonly 2Ð3 wk p.i., a blockage is formed by the bacteria in the proventriculus (Eskey and Haas 1940 , Burroughs 1947 , Kartman and Prince 1956 , Engelthaler et al. 2000 (also see Table 1 ). This blockage prevents newly ingested blood from reaching the midgut, thus causing the ßea to starve, and also disrupts proper function of the proventriculus, which allows blood to reßux from the midgut to the mouthparts. The ßea then increases its feeding attempts and while trying to clear the gut blockage often regurgitates the foregut contents. Although these attempts to feed are usually unsuccessful, the vigorous movement of materials in the ßeaÕs foregut results in mixing of newly ingested blood with bits of Y. pestis-bearing material cleaved from the blockage. Under the scenario of transmission of plague bacteria by blocked ßeas, infection of the host thus results from regurgitation of this mixture of blood and Y. pestis-bearing blockage material back into the site of the ßea bite.
Experimental evaluations of transmission efÞciency by blocked X. cheopis have revealed that the probability of a single bite resulting in transmission is quite low (Eskey and Haas 1940 , Wheeler and Douglas 1945 , Burroughs 1947 , Engelthaler et al. 2000 , Lorange et al. 2005 . Furthermore, not all infected ßeas will form a proventricular blockage and for those that do, the period of time elapsed from acquiring infection until a ßea becomes blocked is typically at least 2Ð3 wk (Table 1) . After becoming completely blocked, the ßea usually survives for only a few days (Burroughs 1947) . Together, these factors result in fairly slow and inefÞcient transmission that cannot adequately explain the rapid rate of spread that typiÞes plague epidemics and epizootics (Lorange et al. 2005 , Eisen et al. 2006 , Webb et al. 2006 . It is noteworthy that most ßea species, including Oropsylla montana (Baker), which is considered a key vector of Y. pestis in the southwestern United States, do not readily form proventricular blockages (Eskey and Haas 1940 , Burroughs 1947 , Gage and Kosoy 2005 (Table 1) . Nonetheless, although Bacot and Martin (1914) suggested that partially blocked ßeas may be even more efÞcient vectors than those that block fully, the blocked-ßea scenario dominated the western plague literature and was thought to be the primary and only signiÞcant means of ßea-borne transmission of Y. pestis for almost a century. For example, vector efÞciency has often been equated with a ßeaÕs ability to block (Eskey and Haas 1940 , Hirst 1953 , Pollitzer 1954 , Hinnebusch 2005 , Lorange et al. 2005 , Krasnov et al. 2006 , Laudisoit et al. 2007 .
Early-Phase Transmission of Y. pestis by Unblocked Fleas: a Short Extrinsic Incubation Period and Efficient Transmission Can Drive Plague Epizootics. Despite the shortcomings of the blocked ßea paradigm to explain the rapid rates of spread that typify plague epizootics, ßea-borne transmission should not be dis-missed from consideration of factors driving plague epizootics. Ridding hosts of their ßeas has repeatedly been observed to effectively halt pathogen transmission, which strongly implicates ßeas in epizootic and epidemic transmission (Pollitzer 1954 , Gratz 1999 , Seery et al. 2003 , Hoogland et al. 2004 . Some have suggested that transmission by blocked ßeas is important primarily during interepizootic periods, but that mechanical transmission by unblocked ßeas is a signiÞcant driver during epizootics (Burroughs 1947; Quan et al. 1953; Kartman et al. 1958a,b) . The short extrinsic incubation period associated with mechanical transmission, which would occur in ßeas as a result of contamination of the vectorÕs mouthparts by viable Y. pestis, may result in rapid transmission in susceptible host populations. However, this mechanism has been discounted by some because bacteria reportedly survive on the mouthparts for only a short period of time (Ͻ3 h) (Bibikova 1977) . As a result, studies on ßea-borne transmission have typically focused on the period of time after which block formation was expected to occur (Ͼ5 d p.i.) (Eskey and Haas 1940 , Burroughs 1947 , Kartman and Prince 1956 , Engelthaler et al. 2000 . Although in several instances transmission by unblocked ßeas was observed 1Ð 4 d p.i. (Verjbitski 1908 , McCoy 1910 , Bacot and Martin 1914 , Wheeler and Douglas 1945 , Burroughs 1947 , Holdenried 1952 , Pollitzer 1954 , Engelthaler et al. 2000 , the results were viewed as anomalous or attributed to occurring by mass action due to limited mechanical transmission and unnaturally high ßea loads in the experimental setting.
Recently, numerous studies have evaluated the efÞciency of several ßea species to transmit Y. pestis during the Þrst few days after being allowed to ingest a highly bacteremic bloodmeal but before the potential development of a proventricular blockage (Eisen et al. 2006 (Eisen et al. , 2007a (Eisen et al. ,b, 2008a Wilder et al. 2008a,b) . In these studies of what has been termed "early-phase" transmission (Eisen et al. 2006) , an artiÞcial feeding system containing rat blood infected with a fully virulent strain of Y. pestis at concentrations reßecting a terminal septicemia in the host (Ͼ10 8 cfu/ml) was used to infect feeding ßeas. Fleas that fed successfully were held for 3 h to 4 d p.i. before being allowed to feed on a naṏve mouse. The mice were then examined for evidence of exposure to Y. pestis, which was conÞrmed by culture or serology.
Initial studies focused on O. montana, the presumed primary vector of human plague in the United States, and on X. cheopis, which is among the most important vectors of plague bacteria to humans on the global stage (Eskey and Haas 1940 , Pollitzer 1954 , Barnes 1982 , Gage and Kosoy 2005 . These studies revealed that ßeas of both species were immediately infectious and could efÞciently transmit Y. pestis for at least 4 d p.i. (Eisen et al. 2006 (Eisen et al. , 2007b . Although vector efÞ-ciency has not yet been evaluated for later time points, it is assumed that ßeas maintain a high level of vector efÞciency until taking their Þrst uninfected bloodmeal (Eisen et al. 2007a ). For X. cheopis, ßeas may maintain a similar level of infectiousness from the early-phase through blockage, resulting in an infectious period of more than a month (Engelthaler et al. 2000 , Eisen et al. 2007b ). In comparison with true mechanical transmission, which has a short duration of infectiousness, the early-phase model suggests a short extrinsic incubation period followed by what could be a long infectious period. Such dynamics could contribute to rapid spread of Y. pestis among populations of susceptible hosts and perhaps also sustain transmission as host populations are reduced due to plague-induced mortality and contact rates between susceptible hosts and infectious ßeas declines (Webb et al. 2006) . The generality of early-phase transmission has now been tested and seems to be quite robust. Each of the six species evaluated to date have demonstrated the ability to successfully transmit Y. pestis by this process, although transmission efÞciency differs among species (Eisen et al. 2006 (Eisen et al. . 2007a (Eisen et al. ,b, 2008a Wilder et al. 2008a,b) .
At present, the mechanism of early-phase transmission has not been elucidated. It is assumed that, similar to the blocked ßea model, transmission occurs by regurgitation rather than contamination by infected ßea feces (Eisen et al. 2006 ). This is supported by observations that 1) most ßea species do not defecate while feeding, 2) feces tend to stick to fur of a rodent host and therefore rarely contact the skin, and 3) it is unlikely that bacilli would be excreted within the short period of time in which early-phase transmission is able to occur (i.e., 3 h p.i.) (Eskey and Haas 1940 , Burroughs 1947 , Pollitzer 1954 , Eisen et al. 2006 .
In contrast to the blocked-ßea paradigm, it seems unlikely that early-phase transmission is dependent on production of bioÞlm (the polysaccharide matrix responsible for block formation) (Hinnebusch et al. 1996) . Because the genes regulating bioÞlm production are not expressed at vertebrate host temperatures (Hinnebusch et al. 1996) , bioÞlm production begins only after Y. pestis invades the vector and is not believed to be substantial as early as 3 h p.i. when earlyphase transmission can occur (Eisen et al. 2006) .
A consistent and intriguing Þnding among earlyphase transmission studies is the absence of a significant association between bacterial loads in ßeas and the probability of transmission (Eisen et al. 2006 (Eisen et al. , 2007a (Eisen et al. ,b, 2008a Wilder et al. 2008a,b) . The ability of ßeas harboring very light infections to transmit Y. pestis suggests that perhaps transmission efÞciency is related to the location of plague bacteria within the digestive tract at the time of feeding and the extreme infectiousness of Y. pestis (Ͻ10 1 bacteria in mice) rather than the overall bacterial load of the ßea. That is, transmission may result even if a ßea harbors very few bacilli providing they are located in or near the mouthparts. However, a heavily infected ßea may fail to transmit if the bacteria reside primarily in the hindgut. This hypothesis is supported by the observation that in studies that provided infected ßeas with uninfected "maintenance" bloodmeals before testing for transmission, which presumably would move existing bacteria further posterior in the digestive tract of the ßea, transmission efÞciency waned after consumption of uninfected blood (Eisen et al. 2007a; Wilder et al. 2008a,b) . Also, ßeas that defecate large amounts of partially digested blood during or shortly after feeding [e.g., C. felis and Aetheca wagneri (Baker)] seem to transmit Y. pestis less efÞciently (Wheeler and Douglas 1945; Eisen et al. 2008a,b) . This observation strengthens the notion that transmission is unlikely to occur by fecal contamination and that rapid movement of ingested blood to the hindgut reduces the likelihood of transmission.
In their classical study from 1945, Wheeler and Douglas (Wheeler and Douglas 1945) reported locations of Y. pestis bacteria in infected ßeas. Y. pestis was recovered from the rectal sacs of all 12 infected C. felis examined, whereas no bacteria were recovered from the esophagus of any of these ßeas. In contrast, bacteria were recovered from the esophagus of 70% of 67 infected O. montana, whereas only 25% of these ßeas had infected rectal sacs. Results for X. cheopis were intermediate. Although the comparison involves only three species, the percentage of ßeas with esophageal infections seems to be positively related to transmission efÞciency, with O. montana and X. cheopis being more efÞcient early-phase vectors than C. felis (Wheeler and Douglas 1945; Eisen et al. 2006 Eisen et al. , 2007b Eisen et al. , 2008a . This lends further support to the notion that location in the digestive tract affects transmission outcome.
The need for Systematic and Standardized Evaluation of Vector Competency and Efficiency of Fleas for
Y. pestis. More than 80 ßea species are capable of transmitting Y. pestis (Pollitzer 1954) , including at least 28 species occurring in North America (Table 1) , but transmission efÞciency among these seems to be highly variable Kosoy 2005, Hinnebusch 2005) . As shown in Table 1 , transmission efÞciency also can differ widely among studies for a single ßea species. However, it is difÞcult to determine to what extent the variation revealed in Table 1 reßects methodological differences among experimental studies rather than actual inter-and intraspeciÞc variability in transmission efÞciency. The following variables are likely to inßuence the outcome of an experimental study: source and concentration of infectious blood, strain of Y. pestis used, temperature at which infected ßeas are held, absence or presence of maintenance feeds, and the time period postinfection that is examined. Controlling these factors in a standardized experimental system is critical to generate data allowing for direct comparisons of vector efÞciency among ßea species or between populations of a single species from different geographical areas. Even more importantly, a more complete understanding of the inßu-ence of the above-mentioned variables on transmission efÞciency has implications for predicting or controlling naturally occurring epizootic cycles and ultimately reducing human infections.
Many early studies used animal models, especially mice or rats, to infect feeding ßeas (Verjbitski 1908 , Bacot and Martin 1914 , Wheeler and Douglas 1945 , Burroughs 1947 , Holdenried 1952 , Quan et al. 1953 , Kartman and Prince 1956 , Kartman et al. 1958a , Kartman et al. 1958b , Kartman 1969 . Because the window of time when these animals sustain the very high bacteremia required to reliably infect feeding ßeas before perishing is very short, the use of animals to infect feeding ßeas can result in high variability in the bacteremia to which the ßeas are exposed. Several studies have demonstrated that the likelihood of ßeas becoming infected is positively associated with bacterial concentration in the ingested blood (Eskey and Haas 1940 , Wheeler and Douglas 1945 , Engelthaler et al. 2000 , Lorange et al. 2005 . Therefore, use of an artiÞcial feeding system in which bacteremia can be carefully controlled is a prerequisite for comparative studies of vector efÞciency. As an example, Wheeler and Douglas (1945) examined vector efÞciency of C. felis, in mass action and individual transmission trials. In the mass action trial, 50 ßeas were fed on moribund mice with an average bacteremia of 10 7 cfu/ml. Fed ßeas were immediately transferred to a naṏve guinea pig, which died of plague 6 d later, demonstrating early-phase transmission by C. felis. In contrast, transmission did not occur in individual ßea feeding trials, where ßeas had been exposed to mice with bacterial concentrations of Ͻ10 5 cfu/ml. The authors did not consider the potential signiÞcance of this difference in host bacteremia for ßea transmission success, and concluded that transmission of Y. pestis by C. felis only occurs by mass action, or occurs only very inefÞciently by individual ßeas (a Þnding that was later supported when ßeas were fed on highly bacteremic blood; Eisen et al. 2008a ).
In addition to bacterial concentration, the type of animal or animal blood used may affect transmission variables. Common animals or blood from animals used in transmission studies include rats (Simond 1898; Verjbitski 1908; Eisen et al. 2006 Eisen et al. , 2007a Eisen et al. ,b, 2008a Wilder et al. 2008a,b) , white mice of various strains (Douglas and Wheeler 1943; Burroughs 1947; Kartman and Prince 1956; Hinnebusch et al. 1996 Hinnebusch et al. , 1998 Hinnebusch et al. , 2002 Engelthaler et al. 2000; Hinnebusch 2003; Jarrett et al. 2004a,b; Lorange et al. 2005b) , ground squirrels (McCoy 1910) , and guinea pigs (Eskey and Haas 1940, Wheeler and Douglas 1945) . To underscore the importance of considering the source of blood used to infect ßeas, a recent study demonstrated that ßeas (O. montana and X. cheopis) differed in their ability to remain infected with Y. pestis after feeding on different types of host blood (mouse, rat, or rabbit) containing similar concentrations of the same fully virulent strain of Y. pestis (Eisen et al. 2008d) . Only 53% of O. montana that had fed on infectious rabbit blood remained infected 2 d p.i. compared with 98% that had consumed infectious rat blood. The reason for this remains unknown. Under natural epizootic conditions in North America, highly susceptible hosts, such as rock squirrels and prairie dogs die in large numbers, forcing their ßeas [e.g., O. montana and Oropsylla tuberculata (Baker), respectively] to switch to alternative and taxonomically divergent hosts such as cottontail rabbits (Sylvilagus spp.) (Hubbard 1947) . If the host species upon which a ßea feeds affects the like-lihood that it will remain infected and able to infect a new host, it is possible that host switching and its associated consequences on transmission could drastically alter rates of pathogen spread at different time points during an epizootic (Eisen et al. 2008d) . Similarly, as susceptible hosts perish during plague epizootics, the likelihood of a ßea feeding on a resistant or immune host increases. This raises the question of how host immune status might affect a ßeaÕs ability to remain infected. For example, if an infected ßea feeds on a host that survived a plague infection, would antibodies in the consumed bloodmeal effectively destroy bacteria in the ßeaÕs digestive tract?
In addition to differences in bacteremia in the infecting bloodmeal and variations in host type, temperature has been shown to affect blockage, infection clearance and transmission rates (Kartman and Prince 1956 , Kartman 1969 , Cavanaugh 1971 . For example, transmission efÞciency by X. cheopis is lower in ßeas maintained at temperatures exceeding 27.5ЊC compared with those held at lower temperatures (Kartman and Prince 1956, Cavanaugh 1971) . Similarly, infection clearance rates increased Ͼ10-fold and blocking rates decreased by more than half for X. cheopis held at 29.5ЊC compared with 23.5ЊC (Kartman 1969) . Based on data summarized from several studies, Pollitzer concluded that Y. pestis transmission was two to three times more efÞcient at temperatures 20 Ð24ЊC compared with those held at 29 Ð32ЊC (Pollitzer 1954) . Experimental studies therefore need to be conducted under standardized temperature conditions. Understanding the relationship between ambient temperature and vector efÞciency for key vector species could also be informative for identifying climatic predictors of plague epizootic activity. Several studies have noted that plague transmission is reduced signiÞcantly when temperatures exceed 27ЊC (Pollitzer 1954 , Kartman and Prince 1956 , Cavanaugh 1971 .
The time point(s) at which transmission is examined also needs to be considered when interpreting the results. To reiterate, transmission efÞciency may wane over time in some ßea species. If the early-phase time points are ignored, the study may underestimate vector efÞciency. Ideally, transmission efÞciency should be determined over a time continuum ranging from the earliest time at which a ßea is willing to feed after consuming an infectious bloodmeal to death of the ßea. However, experiments of long duration require that ßeas consume maintenance blood meals to survive. This is sometimes the case even for earlyphase studies, when the ßea species of interest cannot survive in the laboratory for more than a few days without maintenance feeds (Wilder et al. 2008a,b) . Unfortunately, consumption of uninfected blood may reduce the likelihood of subsequent transmission (Eisen et al. 2007a; Wilder et al. 2008a,b) . It is therefore advisable that transmission studies control for the number of maintenance blood meals provided. When extrapolated to a natural system, the probability that an individual ßea will transmit Y. pestis on a given day after an infectious bloodmeal may differ depending on whether or not this is the Þrst bloodmeal after the infectious one. Late in an epizootic when most susceptible hosts have died of plague, an infected ßea could wait for several days or weeks before feeding, but it might remain infectious for the duration of its questing period. The above-mentioned considerations underscore the need for standardized systems to determine relative ßea vector efÞciency and for use of data from such standardized systems when modeling plague transmission dynamics.
Future Directions. There seems to be tremendous variability in ßea vector efÞciency for Y. pestis, both between species and among different population of the same species. Some of the observed variability (Table 1 ) may, however, have resulted from lack of standardization in experimental conditions rather than true biological differences in vector efÞciency. This calls for reexamination of the vector efÞciency of key ßea species in a standardized experimental system, as done recently for several North American ßeas A. wagneri , O. hirsuta , O. montana (Eisen et al. 2006) , O. tuberculata cynomuris (Wilder et al. 2008b) , and the globally distributed C. felis ) and X. cheopis (Eisen et al. 2007b) . Similar evaluations of other ßea species that infest susceptible hosts in plague endemic areas [e.g., Eumolpianus eumolpi (Rothschild) and Orchopeas sexdentatus (Baker)] or are considered to commonly bite humans [the so-called human ßea Pulex irritans (L.), as well as C. felis subspecies strongylus) are needed to improve plague prevention and control programs in North America and elsewhere.
Special emphasis should be placed on reevaluation of human-biting ßeas from plague endemic regions of Africa, which currently accounts for the majority of plague cases worldwide (WHO 2004 (WHO , 2005 . It is possible that the importance of some common humanbiting ßeas as vectors of Y. pestis has been underestimated simply because early-phase transmission was not previously considered. Both C. felis and P. irritans occur commonly in Africa but are generally considered nuisance biters rather than potential vectors of Y. pestis. However, a recent study of early-phase transmission by C. felis demonstrated that, consistent with earlier studies, this species is capable of transmitting Y. pestis and may be an important secondary vector in northwestern Uganda where it is the primary ßea in human habitations ). Likewise, previous studies have speculated that P. irritans, which is commonly found in human habitations in Tanzania, Kenya, and the Democratic Republic of Congo, may serve as a vector in anthroponotic cycles of Y. pestis in Africa and elsewhere (Davis 1953 , Hopla 1980 , Drancourt et al. 2006 , Laudisoit et al. 2007 ). This notorious ßea, which also has been suggested as a primary vector in Europe during the Black Death (Drancourt et al. 2006) , tops the list of additional species needing to be evaluated for early-phase transmission of Y. pestis.
SpeciÞc areas of interest for future studies include the following:
• Standardized experimental comparisons of vector efÞciency among ßea species, and for populations of key species from different geographical areas, from early-phase to the time of death of the ßeas.
• ClariÞcation of the mechanism(s) of early-phase transmission.
• Evaluation of the role of temperature on vector efÞciency over a time continuum.
• Determination of the effects of noninfectious maintenance feeds (and the type of blood used for such feeds) on the duration of the infectious period of the ßea.
• Development of models that identify threshold abundances of ßeas required for epizootic transmission, which then can be used to set targets for ßea control programs.
